We present the white dwarf sequence of the globular cluster M4, based on a 123 orbit Hubble Space Telescope exposure, with limiting magnitude V∼ 30, I∼ 28. The white dwarf luminosity function rises sharply for I> 25.5, consistent with the behaviour expected for a burst population. The white dwarfs of M4 extend to approximately 2.5 magnitudes fainter than the peak of the local Galactic disk white dwarf luminosity function. This demonstrates a clear and significant age difference between the Galactic disk and the halo globular cluster M4. Using the (Hansen 1999) to fit each luminosity function yields ages of 7.3 ± 1.5 Gyr for the disk and 12.7 ± 0.7 Gyr for M4 (2σ statistical errors).
Introduction
Globular clusters have been the fundamental laboratories for tests of stellar structure theories ever since the work of Sandage (1953) . A by-product of such studies is an age determination for the cluster which is of cosmogonical interest by virtue of the large value. The study of the main sequence and giant branches has become a detailed and quantitative field (Stetson, Vandenberg & Bolte 1996; Sarajedini, Chaboyer & Demarque 1997 ) and the ages thus determined offer a lower limit to the age of the Universe. In contrast, the study of the white dwarfs in globular clusters has progressed much more slowly. Their low luminosities hampered early searches (Richer 1978; Ortolani & Rosino 1986; Richer & Fahlman 1988; Paresce, De Marschi & Ramoniello 1995; Elson et al. 1995) . Richer et al. (1995; reported the first detection of a significant globular cluster white dwarf population in the cluster M4. Here we report the first results of a very deep exposure of the outer field of that study, allowing both the detection of very faint white dwarfs and the removal of background stars and galaxies by virtue of the cluster proper motion.
The motivation for this work is severalfold. The contemporaneous and chemically homogeneous nature of the cluster sample makes it an excellent laboratory to study the physics of white dwarf cooling, just as it has been for main sequence and giant stars. The determination of an age from the white dwarf luminosity function is particularly attractive because it allows a direct comparison, using the same method, between the cluster and the Galactic disk. Furthermore, the internal physics of white dwarfs is considerably different from that of main sequence stars. In particular, the sensitivity of the atmospheric models to metallicity is expected to be unimportant as all elements heavier than helium sink under the influence of the high white dwarf gravity. Thus, a comparison of ages determined from white dwarf and main sequence models offers an excellent test of systematic model uncertainties.
Finally, the continuing interest in the existence of a halo white dwarf population makes the cluster white dwarfs useful as templates to guide searches for similarly old white dwarfs which could potentially contribute to the Galactic dark matter.
The Cluster White Dwarf Sequence
The data are drawn from Hubble Space Telescope exposures of M4 in programs GO 5461 (cycle 4) and GO 8679 (cycle 9) and are described in detail in the preceding paper, Richer et al. (2002) . The photometric solutions are performed by the method of profile fitting. The deep second epoch is used to fix the position centroid for cluster members. The position (in the cluster frame of reference) is then held fixed when determining the magnitude in the (shallower) first epoch data. This allows the detection and measurement of much fainter objects than in Richer et al. (1997) . The final sample consists of objects that have been detected in at least three data sets (where the four possible sets are the V and I data at each of the two epochs). Completeness corrections were determined using artificial star tests and require that the added stars be recovered within 0.5 pixels of their original positions and within 0.5 magnitudes of their original input magnitude.
The entire cluster white dwarf cooling sequence is shown in Figure 1 . The resulting Vband luminosity function is shown in Figure 2 . Also shown is the disk white dwarf luminosity function from Liebert, Dahn & Monet (1988) , using the improved photometry of and a V-band distance modulus of 12.51. This diagram provides the clearest and most direct evidence of a significant age difference between the Galactic disk and the Galactic halo cluster M4, predicated only on the assumption that white dwarfs cool as they age. While this may not surprise many astronomers, until now such evidence has been remarkably unconvincing (e.g. Carraro, Girardi & Chiosi 1999) . While (halo) globular cluster ages have been estimated at > 10 Gyr (Chaboyer et al. 1998; Cassisi et al. 1999; Caretta et al. 2000; Thompson et al. 2001) for some time, age estimates (ignoring, for the moment, white dwarf-based estimates, to which we shall return) for the local Galactic thin disk range from 8-15 Gyr (Ng & Bertelli 1998; Jimenez, Flynn & Kotonova 1998; Liu & Chaboyer 2000; Binney, Dehnen & Bertelli 2000) .
Another striking aspect of the M4 luminosity function is the sharp rise in the number counts from V ∼ 26.5 to V ∼ 27.5. This is the expected characteristic behaviour of the white dwarf population resulting from a single burst of star formation (e.g. Hansen 2001 ) and is to be contrasted with the more gradual rise and turnover at the faint end expected from a more extended period of star formation.
3.
Comparison with the models
To obtain a quantitative measure of this age difference, we must turn to theoretical models of white dwarf cooling. A complete parameter study is beyond the scope of a Letter, but we may obtain a first estimate by using the current default set of models. It is also important that we redo the age estimate for the local white dwarfs with the same models and in the same way in order to be consistent.
We shall assume models with carbon/oxygen cores, using the mixtures of Segretain & Chabrier (1993) . We shall assume a chemical composition uniform in layers ('onionskin model') due to gravitational sedimentation, with helium surface layers of mass M He ∼ 10 −2 M wd . We will consider models both with no surface hydrogen layers and with a hydrogen mass fraction of 10 −4 on the surface. The main sequence ages are taken from the models of Hurley, Pols & Tout (2000) and the white dwarf models from Hansen (1999) . The main sequence-white dwarf mass relation is that of Wood (1992) .
The significant difference in the calculation of the cluster and disk luminosity functions is the choice of initial mass function and star formation history. The star formation rate in the Galactic disk is assumed to be constant and the IMF is assumed to be Salpeter (slope α=2.35). For M4, we have assumed the star formation is a single burst and the mass function (in the white dwarf progenitor range) slope is α=1.05, based on comparing the white dwarf number count with the main sequence counts in our field (see Richer et al. 2002) . The derived age is not sensitive to the value of α in the range 0.7 to 1.1.
The other potentially significant uncertainty is the fraction (f H ) of white dwarfs that cool with hydrogen atmospheres versus those that cool with helium atmospheres. For the local Galactic disk, this fraction is estimated to be f H ∼ 0.5-0.7 (Sion 1984; Greenstein 1986; Bergeron, Ruiz & Leggett 1997) . However, the origin of this dichotomy is not well understood (see Bergeron, Ruiz & Leggett 1997) , so we will fit for two parameters in our luminosity function, f H and T gc , the age. The result is shown in Figure 3 . We find an age of T gc = 12.7 ± 0.7 Gyr (2σ), or a lower limit of 12 Gyr. The age determination is not sensitive to f H as long as f H > 0.5. This is easily understood because helium atmosphere white dwarfs cool very rapidly after ages ∼ 5 Gyr and the best-fit pure helium atmosphere luminosity functions are a very poor fit to the data. As noted above, the artificial star tests used to determine the incompleteness fraction incorporated constraints on both positional recovery and magnitude accuracy. However, the formal error bars do not include systematic model uncertainties beyond the most important one (the parameter f H ). These will be addressed in a future publication. Figure 4 shows a direct comparison between the data and three theoretical luminosity functions (multiplied by the estimated incompleteness function) for ages of 10, 12.5 and 15 Gyr.
The error budget in most globular cluster age determinations is dominated by the distance uncertainty (e.g. Bolte & Hogan 1995) . We shall discuss the influence of this in detail in a subsequent publication, but we note that we have used the distance and reddening determined by Richer et al. (1997) using subdwarf main sequence fitting. Preliminary investigations show that changes of 0.2 magnitudes in the distance modulus (in either direction) do not change the lower bound of the age determination, although the value of the χ 2 statistic (which is ∼ 1 per degree of freedom for our best fit models) does become worse. We attribute this robustness to the fact that we are fitting the complete cooling function, rather than trying to identify a particular localised feature.
We have performed the same kind of analysis (allowing the fraction f H to vary) on the Galactic disk luminosity function of Liebert, Dahn & Monet (1988) but using the improved photometry of . The resulting disk age is 7.3 ± 1.5 Gyr. The low age is consistent with the fact that the faintest luminosity bins are dominated by helium atmosphere white dwarfs, which cool faster than hydrogen atmosphere dwarfs (for a detailed discussion see Hansen 1999) . It is also worth noting that the age will increase if the Luyten survey is incomplete at the faint end. Recent tests indicate that this is not a concern (Monet et al 2000) . This result suggests a significant age difference between the formation of the stellar halo of the Galaxy and of the formation of the stars in the local Solar neighbourhood.
We should note that two other determinations of the Galactic disk luminosity function (Oswalt et al. 1996; Knox et al. 1999 ) produce a more gradual cutoff than the Liebert et al. sample, and consequently lead to larger ages (8 -12 Gyr). However, the objects in these samples do not have published individual atmospheric composition determinations. The resultant uncertainty in the bolometric corrections allows a large range of age estimates. Thus we favour the luminosity function of Leggett et al. (1998) in our age determination.
Discussion
We find an age for the globular cluster M4 of 12.7±0.7 Gyr using the white dwarf cooling sequence and the models of Hansen (1999) . This method is completely independent of the main sequence turnoff age method, which yields an average age of 13.2 ± 1.5 Gyr for the metal poor globular clusters (Chaboyer 2001) . Our age for M4 is also in excellent agreement with a third very different stellar chronometer, namely the nuclear decay measurements of uranium and thorium, which yields 12.5 ± 3 Gyr for a metal-poor halo star (Cayrel et al. 2001) .
Using the same method and models on the Liebert et al. (1988) and Leggett et al. (1998) data for the Galactic disk yields a local disk age 7.3 ± 1.5 Gyr. This implies a delay > 3 Gyr between the formation of the Galactic halo and the stars of the local Solar neighbourhood. Liu & Chaboyer (2000) find a similar age difference between the local metal-rich Hipparcos stars and the thick disk globular cluster 47 Tuc.
To place these results in a cosmogonical context, we note that calculations of the selfregulated gravitational settling of an initially hot protodisk show delays of 4-6 Gyr before stars begin to form in a true thin disk (Burkert, Truran & Hensler 1992) . Thus, our results find a natural explanation in this picture, where the globular clusters accompany the formation of the Galactic halo, infalling gas settles into a hot, extended protodisk which produces a lower level of star formation for several Gyr until the gas has cooled sufficiently to form a true thin disk and begin star formation in earnest. It is the latter population which we then identify with the local white dwarf luminosity function.
This expectation can also be translated into cosmological terms by asking at what redshift we expect true disk galaxies to form? We will adopt the current best fit (flat) cosmological model in which Ω Λ = 0.7, Ω m = 0.3 and H 0 = 70 kms −1 Mpc −1 . The total age is then 14 Gyr, which is consistent with the prompt formation of M4 at 3σ. At 1σ, we find a delay of at least 0.9 Gyr, and the best fit age of 12.7 Gyr suggests formation at z ∼ 6. For the Galactic disk, an age < 9 Gyr requires formation at z < 1.5. Current observations are approaching this limit (Vogt et al. 1997; Van Dokkum & Stanford 2001 ) and the evidence for large velocity widths in quasar absorption line studies (Prochaska & Wolfe 1997 ) would exceed it, although there are other potential explanations in this case (Wolfe & Prochaska 2000) . In this scenario then, the epoch (z ∼ 3) marked by the appearance of starbursting galaxies and galactic outflows (e.g. Shapley et al. 2001; Frye, Broadhurst & Benitez 2001) is associated with the intermediate period in which the hot protogalactic disk is cooling and forming stars, and before true 'thin disk' star formation begins (this may also be the epoch of bulge formation).
It is interesting to speculate whether the high velocity white dwarf sample of Oppenheimer et al. (2001) is the missing white dwarf population from this intermediate epoch.
There is considerable debate about whether it is indeed a halo sample as originally claimed (Oppenheimer et al. 2001; Koopmans & Blandford 2001) or a thick disk tracer (Reid, Sahu & Hawley 2001) . Hansen (2001) has also argued that the age distribution suggests a more extended star formation history than the short burst expected from a true halo population. In the latter case, the luminosity function should look quite similar to that of M4 (modulo differences in the IMF). In particular, the sharp rise of the M4 data at the same point as the disk LF starts to fall off illuminates the need to go well beyond the limits of the disk LF before making quantitative estimates of the halo white dwarf fraction. -The white dwarf sequence for the globular cluster M4 shows the sharp rise in the number counts at the faint end, characteristic of a burst population. Dashed lines show the limit for 50% recovery fraction in at least three out of the four data sets (V and I, each at two epochs). Filled circles have moved at most 0.25 pixels relative to the cluster mean motion centroid and open circles have moved at most 0.5 pixels relative to the cluster mean motion centroid. The centre of the inner halo, for comparison, has moved ∼ 1 pixel with respect to the cluster centre. The red (helium atmosphere) and blue (hydrogen atmosphere) curves show representative 0.6M ⊙ white dwarf cooling models. Fig. 2. -The filled circles are the raw M4 data (for a proper motion cut < 0.5 pixels relative to the cluster centre). The open circles show the counts when corrected for incompleteness. The filled triangles are the (V max -weighted) disk sample of Liebert, Dahn & Monet (1988) , using the improved photometry of . A V-band distance modulus of 12.51 has been used (although the points are shifted by -0.1 mag in order to not overlap the cluster points) and an arbitrary vertical shift has been applied. Fig. 3 .-The 1, 2 and 3σ confidence intervals for the M4 age determination are shown by the solid contours. The dashed contour represents the 2σ confidence interval based on the luminosity function of , although the V max weighting procedures used in constructing the luminosity functions means this is only a rough estimate. The vertical dotted line indicates a value f H = 0.7, which is believed to apply to the local disk white dwarf sample. The right hand axis shows the redshift corresponding to the lookback time in the cosmological model described in the text. The left-hand error bars show the 2σ age ranges. Fig. 4 .-The solid points are the raw M4 counts. The solid histogram represents the theoretical luminosity function for f H = 0.7 and T gc = 12.5 Gyr. Dotted and dashed histograms are the same but for ages of 10 and 15 Gyr respectively. The last data point i.e. the shaded region, is not used in the fit because of the large incompleteness correction factor applied (Richer et al. 2002) .
